Introduction
In the past lithotaminian limestone was the construction stone of Zagreb. It was excavated on the south-west slopes of Mt. Medvednica, and was used to construct many buildings, including the Zagreb cathedral.
Lithotamnian limestone is unstable in a polluted urban environment, especially under the influence of acid rain that contains carbonate and sulfate anions. This influence is particularly significant upon siltoze lithotamnian limestone whose surface is covered with thinner and/or thicker crusts and scabs that contain notable amounts of gypsum (C r n k o v i C et al., 1994) . Analyses results of built in lithotamnian limestone showed "contamination"with calcium-sulfate to the depth of 18 cm. Because of the large damages of the built in limestone, the replacement of the entire stone gallery began. Roman travertine was selected as a substitute, since it is similar to the lithotamnian limestone in color, porous structure and dressed surface appearance.
In Zagreb, roman travertine was used for the first time about some 70 years ago. It was found to be suitable and durable in the urban environment. Since it has been recommend that all the damaged lithotamnian limestone built into Zagreb buildings, be replaced during building restorations by travertine, we consider it appropriate to present basic information on the deposits, genesis and characteristics of this stone. Also the basic differences in origin needed to distinguish between travertine and calc-tufa (calcareous tufa) are presented.
str. [77] [78] [79] [80] [81] [82] [83] [84] [85] The travertine deposit in the Acque Albule basin
The use of travertine as a building stone, and as a constructive and decorative element, dates back to ancient times. Travertine in ancient buildings has Zagreb, 1995. KljuEne rijePi: Travertin, LeZiSte, Geneza, Svojstva, Calc-tufa (sedra)
Za obnovu zagrebatke katedrale urnjesto dosada ugradenog litotamnijskog vapnenca ugraduje se rirnski travertin San Pietro classico iz IeZiSta u bazenu A q u e Albule nedaleko Rima.
Opisani su genez. i svojstva travertina. IzloZene su razlike u genezi i svojstvima travertina i sedre. Travertin i sedra su tvorevine razliatih genetskih procesa i ne mogu se medusobno poistajdivati. Travertin je arhitektonski kamen od svjetskog znaknja, a sedra od lokalnog, eventualno regionalnog.
withstood the test of time. Vitruvius (active 46-30 BC), a famous Roman architect, wrote about travertine: "Le pietre tiburtine, e quelle che sono della stessa specie resistono a tutto, si a1 peso, si ancora alle ingiurie del tempo, ma non sono sicure dal fuoco ..." (after P i e r i, 1950). C o r s i (1828) considered travertine, that covers a large surface area of the Acque Albule basin, to be a river sediment. H e wrote: "I1 marmo tiburtino volgarmente detto travertino t compost0 di sostanca dalle acque del fiume Aniene".
The travertine deposit in the basin of Acque Albule was geologically described in detail by M a x i a (1950a, 1950b) , and he also published a geological sketch of the basin (Fig. 1) . The basin is of oval shape. The longer axis, in the ENE-WSW direction is about 9 km long, and the shorter one, in the NW-SE direction, is about 7 km long. The basin area spans about 45 square km. It generally descends from the north to the south, from 81 m at Guidoni to 50 m on the river Aniene, and from east to west, from 75 m at Acquoria to 30 m at Lunghezzino. It is outlined with the Tiburtini and Lucretili mountains on the east, the Cornicolani mountain on the north, the Tevere basin lay to the west, and the Laziale volcano lays to the south.
The listed mountains consist of marls, marlaceous and siliceous limestones of Creataceous and Jurassic age, and massive limestones of Liassic interior. The Mesozoic limestones are karstified and create a water drainage zone. The waters of these karst regions are collected and supply the basin subterraneously.
Clastic sedimentary rocks with Pliocene marine fossils and alluvial sand-clay terraces lay over the Mesozoic carbonate rocks.
The important member in the base of travertine is the pyroclastic-volcanic complex that, from the basis up, consists of gray leucitic tuff, leucitite, lithic tuff and Rud.-geo1.-naft.zb., Vol. 7, Zagreb, 1995 The general fault zone and the main thermal flow zone extent in the SSE direction (Fig. 1, F-F The dissolution of travertine samples of in cold 2% hydrochloric acid, gave the soluble portion travertine (from 84.33 to 99.99%) and unsoluble residue that was fractionated as sand (0.02 to 2.00 mm), silt (0.002 to 0.02 mm) and clay ( <0.002mm).
The sand fraction of the insoluble residue in travertine varied from 0.002 to 8.0%, the silt fraction from 0.002 to 2.35% and clay fraction from 0.000 to 5.32%.
The principal constituents of the sand fraction in the insoluble residue of travertine with density less then 2.8 g/cm3, is quartz (34.8-73.3%), chalcedony (0.00-25.2%) and sanidine (3.1-44.6%). Quartz and sanidine were determined in all analyzed unsoluble travertine residuals. In the rest of the samples, sponge (porifera) spicules and radiolaria were determined (in 12 samples, up to 3.3%), and volcanic glass and pumicite (in 6 samples, up to 39.0%), lava and tuff (in 4 samples, up to 18.3%), coal particles (in 8 samples, up to 31.1%), mica and chlorite (in 9 samples, up to 35.7%), microcline (in 2 samples) and zeolite (in 1 sample). In the fraction with density > 2 8 g..cm3, pyroxene, garnet, magnetite, pyrite-marcasite, ferro oxide, barite, olivine, hornblende, glaucophane, realgar, titanite, epidote, turmaline, rutile, micas and chlorite were determined.
The samples of Mesozoic, Paleogene and Pliocene rocks were analyzed in the same fashion.
Comparing the composition of the sand fractions of insoluble travertine residue and the surrounding rocks it is obvious that sanidine, microcline, volcanic glass and pumicite, lava and tuff, zeolite, barite, olivine, realgar and titanite are found only in the a n w samples of travertine, and while pyrite-marcasite, apart from the travertine samples, was also found in the Liassic limestone. The conclusion of the author is that the main part of the insoluble travertine residue components is of volcanic origin.
In silt fraction of the insoluble travertine residue, quartz and muscovite were determined by X-ray powder diffraction analysis.
In clay fraction of the insoluble travertine residue, determined by X-ray powder diffraction analysis was quartz, hydromicas, the chlorite-group minerals and the kaolinite-group minerals.
In the soluble fraction of travertine samples, the amount of CaCO-3 varied from 81.50 to 98.83%, the portion of from 0.81 to 2.38%, MgC03 from 0.15 to 1.30% and the portion of SrC03 from 0.10 to 0.30%.
The difference between the ratio of % SrICa x lo3 in Mesozoic and Paleogene carbonate rocks (from 0.26 to 1.96) and travertine (from 1.58 to 4.82) is also indicative.
The second author has presented the basic data for the deposit at the National Meeting for TRAVERTINO ROMANO IN TIVOLI held in 1984 in the short account "Cenno geologico sulla formazione &I complesso b-avertinfero nel bacino delle Acque Albulen. He expounded the definition, the sedimentation processes and the precipitation of C a C e , the presence of vegetation, the sedimentation cycles, density and color. The exploitable layers of travertine occur close to the surface, with only a thin overburden (Fig. 2) .
Genesis
Definition of travertine as sedimentary rock formed by precipitation of C a C e from waters saturated with Ca(HC@)2 is not unequivocal without taking into account the origin of these waters. That is probable cause that travertine is considered to be equivalent with calc-tufa in many dictionaries and encyclopedias.
Let us cite only several examples.
( Published definitions of travertine in newer editions did not take into account new genetical ideas about terrestrial limestones such as travertine, calc-tufa and speleothems (F 1 ii g e 1,1982, T i S 1 j a r, 1994).
The common feature of both terrestrial limestones, travertine and calc-tufa, is precipitation from water saturated with calcium hydrocarbonate. The difference between them is in origin of these waters. Travertine is formed by deposition from warm juvenile water genetically conected to areas of volcanic activity, or by precipitation from deep warm mineralized waters, or by mixing of these waters with meteoric waters before they spring at the surface. Calc-tufa is formed by precipitation from cold waters, and genetically it is, like speleothems, in close connection with chemical processes and phenomenology of karst. These waters differ in their origin and composition.
The gas chemistry of geothermal systems was described by A r n 6 r s s o n (1990) . Generally over 99% of total gas is composed of CO2, H2S, Hz, CH4 (and other hydrocarbons), N2 and NH4. These gases are reactive chemically, they react with the rock, between themselves or with aqueous solutes. Warm to hot waters rich in CO2 are very widespread in the world. The distribution of COz waters with major zones of historical seismicity is generally striking. On a global scale C 0 2 discharges occur largely in the same zone as active volcanism and high-temperature geothermal systems. C02-rich waters are probably produced for the most part by active metamorphism where ' C 0 2 is released as a result of reactions between carbonates and silicates.
Both sediments are a result of the equilibrium state of the basic reaction (K r a u s k o p f, 1982):
valid in complex conditions, with variations in concentration, temperature, pressure, organic activity, presence of natural buffers, contents of electrolyte and so on. Recent development of a small travertine prec@itating system in SW Colorado north of
Durango was described by C h a f e t z et al. (1991).
The authors explicitly say in the introduction: "Travertine precipitation occurs from spring waters that display a wide range of natural conditions, e.g. from those with ambient temperature ... to essentially boiling water ... from waters with slightly elevated pc02 ... to those highly charged with dissolved CO2 ... from waters slightly supersaturated with respect to CaCO3 ... to those that are extremely supersaturated with respect to CaC03."
After general field description of the natural springs in the hillside they presented water chemistry data. The measured water temperature from 23O to 36'~, ranged as a function of distance from the vents and solar heating. The pH of the waters at the springs ranged from 6.1 to 6.35, and rose rapidly at the surface as a result of CO2 degassing, but rapidly increased in the downflow direction from an average value of 6.8 (2-3 m from spring) to 7.2 (about 25 m downflow), and as high at 8.0 (at the base of mound). The partial pressure of CO2 ranged from 1 . 2~1 0~ Pa at the vents to 8 . 2~1 0~ Pa at the base of mound. Saturation index (ISAT) values display a similar trend. The spring waters emerged at the surface slightly supersaturated with respect to calcite (ISAT = 2.1 -3.9). Within 25 m in the downflow direction the waters became moderately supersaturated (ISAT = 9.98). On the top part of the mound waters are extremely supersaturated (average ISAT = 48). Oxygen and carbon isotope data are also presented. The solid phases precipitated from the water are all isotopically heavier, because the lighter carbon is selectively lost to system by degassing.
Precipitates of calcium carbonate near the springs and the mound are also described. The initial precipitation of CaCO3 that occurred in the water near the springs consists of floating rafts of carbonate. Encrusted filamentous algae were also encountered. Calcite is the only phase of CaC03. The surface of the travertine mound consisted entirely of a sponge-like accumulation of calcite and aragonite, and some plant detritus. Carbonate-encrusted bubbles and floating rafts were collected from the surface of the travertine mound.
Carbonate-encrusted bubbles are hollow, spherical accumulations of calcite and aragonite, generally a few millimeters in diameter. The bubbles, the vroduct of photosynthetic activity of micro-organisms, are initially composed of oxygen, and are devoid of CO2 The bubbles can also be the product of CO;! release, from Ca(HC03)2, when CaC03 is precipitated and CO2 released in the folloving reaction:
Thin diaphanous rafts of CaC03 floated on the surfaces of the shallow pools that had occurred behind the innumerable rimstone dams that covered the surface of the travertine mound. These rafts are composed of a layer of laterally linked hemispheres of radiating aragonite needles (Fig. 3) .
In the basin Acque Albule travertine deposit, in some parts we find the structures just described, such as bubble-like formations (Fig.4) , and raft shaped accumulations which are shattered, partly immersed, so that the travertine has breccia like features (Fig.5) .
A favorable condition is that, besides calcite, aragonite also precipitates, and later transforms into calcite. The transformation is followed by increase in in volume are not of such extent to induce formationof crystalo-deffects (undulose extinction, grain fracturing, segmentation, biaxiality and pressure twining lamellae) in the calcite that was precipitated and in the one formed by aragonite transformation.
Aforesaid complex conditions of CaC03 precipitation together with presented data, conditioned the forming of different structural and textural varieties of travertine, with accentuate stratification and sometimes with obvious interruptions of sedimentation. The abundance of varieties is also enlarged by later recrystalization, crystallization of larger calcite crystals with prominent rhomboedric frorns in pore space and caverns, and also by numerous sinsedimentary processes in the unconsolidated sediment.
Current uavertinization and the importance of characteristic types of vegetation in forming of the Plitvice Lakes barriers, in a typical karst region, were described by M a t o n i ZI k i n et al. (1971) . In the process of development, forming and growth of current travertine, living communities have been of great importance. In the currents exposed to light there evolves the photophile moss and the crustacea. In the aerated habitats is the sciofile moss. The basis of communities in the flows that are poorly aerated is the aquatic hepatics. The presence of living communities on the travertine barriers results in the formation of a great vareity of travertine type due to water flow and aeration, like travertine "chinsn, "curtainsn, consoles, chanels, conduits, little barriers, caves and semicaves.
The spectacular tufa barriers of the Plitvice Lakes were described by E m e i s et al. (1987) . Those barriers were formed by precipitation of CaCO3 from cold water which is saturated with calcium hydrocarbonate in karst regions.
Chemical analysis conducted by Kempe and Emeis and their observations impled that travertine deposition was not solely governed by carbonate supersaturating of river and lake waters. No doubtly it appeared that biological activity of certain macrophytes and epiphytes determined whether or not travertine dams grow.
According to C h a f t e z and F o 1 k (1984), bacterial colonies are the main agents that trigger calcite deposition, and these bacteria are responsible for up to 90% of the calcite precipitated in certain sulfide-rich hydrothermal travertines. The tufa barriers of the Plitvice Lakes belong to the group termed "cascade deposits" and "shallow lake-fill deposits".
E m e i s et al., (1987) (3) Speleothems (cave formation or dripstone), mineral deposit that is formed in a cave by the action of cool water saturated by calcium hydrocarbonate, including stalactites and stalagmites.
The concept of travertinization, so accentuated by some authors, in our opinion cannot be adopted Namely, there are no physical or chemical processes that transform calc-tufa into travertine, changing its structure and appearance.
Technical characteristics
Travertine from the Acque Albule basin is mainly yellow-whitish to yelllow-grayish in color. Some parts are distinctly of a different gray or brown tint.
They are distinctly stratified. The layers are accentuated by subparallel arrangement of cavities, distinct denser parts and changes in color. They are of very heterogeneous structure: ranging from sponge-like appearance, to layers with clearly accentuated bubble-like porosity, and sections with breccia-like appearance. Some distinct layers are clearly slightly folded as flexures, as a results folding caused by synsedimentary interlayer sliding in yet unconsolidated sediment beds. A part of the larger cavities, which are mostly parallel with bedding planes, is filled with larger crystals of calcite with distinct tabular rhombohedric habit. Interlayer uconformities of a greater extension along which the main rock body of travertine could be divided, are relatively rare.
Considering the described differences in structure, there are many travertine varieties with different commercial names, like Travertino Romano: chiaro, chiaro fosse, classico, michelangelo, San Pietro classico, San Pietro venato, scuro, oniciato, fidia, adriano, alabastrino, oniciata bruno, etc.
Physical-mechanical properties of three travertine varieties are given in Table 1 . For the comparison, calc-tufa properties are presented. The differences in all the properties of travertine and calc-tufa are obvious and significant.
It is interesting that various authors give very different descriptions of some travertine properties. For example some authors write about travertine as a porous stone, while others that it is compact. The fact is that travertine is vuggy and it contains easily noticeable cavities that are round (bubble-like) oval and irregular. Between these macroscopic cavities, travertine is dense.
Due to the accentuated vuggy structure, travertine is resinstant to water freezing in the cavities, and it is also not effected by elevated temperatures. Among all types of rocks that are used as dimensional stone, travertine is distinguished by smallest thermal expansion (Fig. 6 , after R i c h t 1 i n e n fur ..., 1973).
Such properties of travertine under insulation and heating is especially important in revetment of building facades,
Conclusion
The third restoration of the cathedral in Zagreb (the first was around 1938, and the second around The chemical composition of travertine (variety Travertino Romano chiaro) is given in Table 2 . 
